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ESTIMATE OF PARTICLE FLUXES (21 MeV) 
IN A HIGH -Z BEAM DUMP 

BY INCIDENT PROTONS AT FERMILAB ENERGIES 

A. Van Ginneken 
April 8, 1976 

Introduction 

This TM reports on a calculation of particle fluxes in a 

large, high -Z target by incident protons at Fermilab energies, 

since intense particle fluxes might be of interest in testing 

materials for radiation damage, e.g., materials with practical 
1 application in thermonuclear reactors . There are various other 

uses as well2 which might be exploited if the creation of such a 

facility is justified by the energy research objectives. 

The Monte Carlo code normally employed at Fermilab for 

shielding design, CASIM3, has a rather high momentum cut-off 

for particles which are followed by the calculation. Typically 

a value of 0.3 GeV/c (-50 MeV nucleon kinetic energy) is used. 

Effects of lower energy neutrons are included, e.g., in estimates 

of radiation dose, by assuming the high energy flux is part of 

an equilibrium spectrum. This procedure clearly cannot be applied 

to the present problem. 

A general revision of'CASIM to incorporate lower energy 

particles, while highly desirable for a variety of problems has 

not yet been tackled. For the present purpose a rather crude "patch" 



TM-652 
- 2 - 1111.2 

has been applied which allows to lower the momentum cut-off from 

an equivalent 50 MeV down to 1 MeV for neutrons. Production 

(and removal) characteristics were taken to be those of a high -Z 

target without being entirely specific, (its properties are taken 

alternatively from 20*Pb and 238U depending upon availability). 

The production model is briefly summarized below. More accurate 

and specific information might be obtained by combining a suitable 

low energy code with a program such as CASIM. There are various 

ways this might be accomplished. For future more detailed studies 

this might be indicated. The present study was undertaken only 

to impart a rough idea of the magnitude of particle fluxes and 

of the shapes of neutron (and charged particle) spectra. 

Production Model 

The production model employed in the program CASIM is suffi- 

ciently documented elsewhere . Briefly it is the sum of two terms. 

The first represents the incident particles re-emerging from the 

collision (leading particles) along with particles (pions) created 

in the collision. These particles are selected from distributions 

predicted by the model of Hagedorn and Ranft' which reproduces 

experimental data quite well. The second term represents addi- 

tional nucleons (other than the collision partner) knocked out of 

the nucleus. These additional nucleons are selected from distri- 

butions given by Ranft and Routti5, which are simple analytical 

expressions based on the intranuclear cascade calculat:ions of 
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6 Bertini - The numbers of outgoing particles are adjusted to 

enforce energy conservation in each collision (taking duly into 

account the energy carried off by subthreshold particles, energy 

losses due to binding energy and nuclear excitation). 

In extending the program to include lower energies, first 

the cut-off momentum for all particles 'was lowered to 0.1 GeV/c 

(-5 MeV for nucleons). Next, some changes are made in the term 

describing knock-out particles. These changes are based on 

Bertini's calculations for 238U and 208Pb. A more thorough 

revision may be desirable for future calculations. In addition, 

and perhaps of most importance for the present purpose, a third 

term is added representing evaporation neutrons (~1 MeV). Their 

number and average energy are again taken from Bertini's calcu- 

lation. It appears they can be well fitted to an exponential 

distribution with a slope varying slowly with incident energy. 

The evaporation neutrons are assumed to be emitted isotropically 

in the laboratory. For nucleons incident below 50 MeV all 

outgoing particles are assumed to have the same exponential 

energy distribution; direct knock-out neutrons are merely added 

to the total. Between the lowest incident energy of Bertini's 

calculations (25 MeV) and the present cut-off (1 MeV) the numbers 

and spectra of low energy neutrons are chosen so as to be consis- 

tent with a recent evaluation of 'a38U inelastic scattering cross 
7 sections . Fission has been entirely neglected. Unless one 

wishes to concentrate on very low energy neutrons in large volumes 

this is probably justified8. The high energy total inelastic 
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cross section assumed is the value calculated for 208Pb with 

slight adjustments at lower energies. The density of the medium 

is taken to be 12 g*cmW3. To estimate albedo beam particles 

are brought 20 cm into the cylinder before interacting. The 

beam is of square cross section measuring 0.1 cm on the side. 

Results 

As is customary in this type of calculation, results are 

expressed in star densities (i.e., densities of nuclear inter- 

actions). These may be converted into fluxes upon multiplication 

by the interaction length (~15 cm, though slightly energy 

dependent) and by the incident particle current (-5 l 1012sec'1 

typically at Fermilab). Also as per custom momentum spectra of 

interacting particles are presented. The star densities are 

averaged over finite volumes (4 cm longitudinally and 2 cm in 

radial extent) covering the entire cylinder. The innermost 

radial region is further subdivided into five annular regions. 

To estimate momentum spectra the volumes are typically much 

larger (40 cm longitudinally and 20 cm radially). 

Fig. 1 shows a computer prepared plot of contours of equal 

total star density, i.e., summed over all particles (neutrons, 

P' .043 GeV/c and changed particles p > 0.1 GeV/c where p is the 

momentum) for 400 GeV/c protons incident on the large target. 

Because of finite bin size and other limitations, this plot does 

not accurately reveal the high intensity contours close to the 
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beam axis. Table I lists the total star densities near the beam 

axis. As can be seen some very intense fluxes (-2*101' cmm2 set-' 

-at the maximum)- can be expected over areas as large as.O.5 cm. 

Figs. 2-4 show some momentum spectra of interacting neutrons 

in various regions of the target. Tables II-IV list, for a few 

of the regions shown in Figs. 2-4, in addition to the neutrons 

the charged particle spectra. These charged particle spectra 

might be a rather annoying contamination in certain applications. 

For a pencil beam incident on a homogeneous target, which 

is approximately the case calculated here, it can easily be shown 

that for materials close in nuclear and atomic properties, but 

differing in density the flux at position ,G, obeys the scaling 

law 

@a(:) = @b (pas/Pb). (pa/pb) 

where Q, a,@b are the fluxes in materials a and b respectively and 

ParPb are the corresponding densities. 

From the above then at least a first impression can be gained 

about the capabilities and limitations of such a facility. If 

further calculation is desired, revising the low energy part of 

the production model is almost mandatory. Also, other information 

(besides fluxes and spectra) could be generated such as heat 

generated in the target. But these are perhaps best postponed 

until the present results have been examined. 
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I. Total star densities (stars/cm3 -inc.proton) near the beam 

axis as a function of depth and radial coordinates. 

II. Momentum Spectra (stars/cm3 l GeV/c'inc*proton) for central 

regions (r < 20 cm) between depths of 0 to 20 cm (measured 

from point where beam begins to interact, see text). 

III. See Table II, but for depth from 60 to 100 cm. 

IV. See Table II, but for depth from 140 to 180 cm. 
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76.00 90.00 0.876E CO 0.647E 00 0.500E 00 0.437E 00 O.328E 00 00 
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Table I 
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Table II 
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O.R5E-03 0.47F;Cl O.l?F-02 0.44E-01 0.2SE-03 0.24E-Oi 0.87F-03 --_l_^_l-... -_ _..__.._ -- --- --.--- ..__._-. 

--Y-------j 

O.lZE-02 O.?SF-01 0.2 lE-02 0.28E-Cl 0.23E-C3 O.l7E-Cl O.llE-02 O.i8F-01 
C. 1 SF- C2 O.l4E-01 0.24E-02 O.lflE-01 O.Z&.E-03 0.97E-02 0. LlE-02 0.1 IE-Cl 
O.l3E-02 O.OSE-02 0.2X-02 O.l3E-01 0.36E-03 0.53E-02 0.35E-03 0.66E-02 --.- --- ---- ----.- --__- 
c. 12F-C2 0.56E-02 3.20t-02 0.88 E-02 0.46E-C3 0.34E-C2 C.b9E-03 0.45E-C2 
0.59F-03 0.2lE-02 O.l”F-02 0.4&E-02 O.ZZE-03 0.16[-02 0.44E-03 0.22E-CZ 
‘).55?-C3 O.l8E-02 0 .l!~s-oz 0.39E-02 O.l8E-C3 O.R9E-C3 0.31E-03 O.l4E-02 -...-- _ ..----- -__I-_-__-. 
C. 47F-C3 0.8CF-03 O.llF-02 0.24E-02 0.78E-04 0.4OE-03 O.lOE-03 0.676-03 
0.23E-C3 0.53E-03 0.92E-03 0.1 fE-02 0.42E-04 O.lC)E-03 O.l5E-03 0.39E-C3 I 

1.79 - 2.24 C. LCE-C3 C.70E-03 0.78F-03 O.llE-02 0.22E-04 0.45E-04 0.65E-04 O.l3E-C3 -..- --. 
2.74 - 2.92 0.97E-04 0. S4E-04 0.46F-C3 O.b5E-03 O.i4C-04 O-331?-04 O.l6E=O~~.6?@-04 
?.R? - 3.55 9.51 F-04 O.@ZF-04 r) .3OF-03 0.44f-03 O.l3E-C4 O.l2E-04 0.92E-05 0.34E-04 I 

3.55 - 4.47 0.25F-C4 0.2CF-04 0.23F-03 0.2RE-03 0.20E-06 O.lnE-05 0.74E-05 0.94E-05 
0.7CF-05 0.9SE-05 0 .I SE-03 

--. ._..- 1 
4.47 - 5.62 - ---iJ;‘i?E-03-. ~3i?~06--6;32+09 0;iOEd4--0.2~E-05 -- . 

5.62 - 7.CB C.Z5F-C5 0.49E-C5 0.7lF-C4 0.78E-04 0.91E-00 0.26E-06 O.llE-06 C.ZRE-06 
7.OR - R.91 0.34F-05 0.79E-05 0.62F-04 0.73E- 04 O.ZZE-07 0.5lE-07 0.64E-08 0.79 E-07 .__- 
9.‘11 - --___ O.ilE-05 __-- - --ii. 4 2 E -050.37E-04 0.45E-04 

--- 
11.22 O.l4E-Of! O.-~-ii?~.48E-aad-:i5-t!? 

:1 .?? - 1’1.13 0.23F-C5 C.SSE-C6 0.7 lE-04 0.34E-04 0.0 0.0 0.0 
14.13 - 17.79 O.h5F-06 0.67E-(16 O.l4E-04 0.15f-04 0.39E-C9 0.0 0.0 ----_ ___--__- -.---__.__ --_.-.____- .- -- 
17.711 - 22.39 C.53F-C6 0.27E-06 ___--- 

:::9E-T 
0.94E-05 O.loE-04 0 .o 0.0 0.0 0.0 

22.39 - 29.14 0.43E-06 O.h2E-06 0.35E-05 C.46r.- c5 0.0 0.0 0.0 0.0 
2?.1E - 35.48 0.45F-06 0.27E-06 O.ZhE-05 0.33E-05 0.0 0.0 c. 0 0.0 --_-- _ .-- -____-- 
15.4P - 44.67 0.1 IF-C6 U.llE-06 r).oiE-05 0.72E-05 OS0 0,O 6.0 0 c 
44.57 - 56.23 O.l7E-J6 0.7 lF-06 O.l2F-c5 O.lbF-05 0.0 0.0 0.0 0:o 
5 ‘, . 2’ 3 - 732.79 ---I.-- -- ____-__. C. P?F-C7 O.lZF-Oh O./*?F-06 O.fPZE-06 0 .o . 0 .a 0.0 0.C -_- _ ---~-_._-- .-. _-- 1 7 0 . 7 9 - 09.12 0.53.hC7 O.hlE-07 O.ZUL-06 0.3 IE-06 0.0 0-;O- 3.0 CF.0 
59.12 - 112.2c C. 38E-07 O.l9E-07 O.lZF-06 O.l8E-Oh 0.0 0.c c.0 0.0 

112.70 - 141.95 0.36F-07 0.3 3F-07 O.hSE-07 O.l4E-06 0.0 0.0 0.0 0.0 
141 

----^ 
.75 - 

- 

177.8; - 
177.83 0.+2-i=-0-7-E-07 0 lot-07 0 66C 07 
223.87 C.lX-C7 O.lZF-07 C: 74E-08 

. - 0 0 ccUOXJ . 
0.36E-07 010 0 .o 0.0 0-c 

?23.F7 - 2R1.34 O.l7F-07 O.llF-07 0.0 0.28E-07 0.0 0.0 
2fJl.P4 - 354. e1 0 3-3~~~;-~LE-O8 0 .O 

0:52E-C7 C. lBE-08 0.0 
0 12t-07 
01546-07 

@iis-----cl;0 
J 

354.1?1 - 446 .68 0.0 0.0 0.0 0.0 
44h.hU - 562.34 0.0 . _ _ ‘:I 3 .,. . 74 - 

7rf.‘i;---‘------ --p&--- 

7117 .o/, - so1 .?5 0.C 0.0 G. 0 0.0 0.0 0.0 
“91.25 - 1122. Cl 0.0 0.0 0 .a 0 -0 0.0 0.0 c. 0 0.0 - ~- -~___--_- ____----- 

Table III h, 



Cf‘EhTUM SPECTR4 OF INTERACTING PARTICLES (STARS/CM3*GEV/C*INC.PTCLEi 

2 FROM 140.00 TO 1@0.00 CM L FRCIN 140.00 TC 180.00 CM 

R FRCP 20.00 TO 40.00 CP R FROM 40.00 70 66.00 CM 
- ~- -.-..--- ---___ -_----- , ----- 

t’CCENTUH PROTCNS NEUTRONS PIONS ALL STARS PROTONS NEUTRONS Pxc~s ALL STARS 

0.01 - 0.01 0 :o 0.0 0.0 0.0 0.0 .o.o 0.0 0.0 
0.01 - 0.01 0.9 0.0 0 -0 0 .o 0.0 0.0 0.0 0.0 
0.01 - 0.02 0.0 0.C 0.0 0.0 0.0 0.0 0.0 0.0 1 
c.02 - 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.02 - 0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
c-o-4 - 0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0-p 
ctc4 - c.c4 c. c 0.25E 00 0.0 0.25E 00 0.0 O.EE!E-CL 0.0 0. @BE-CL 
0.04 - 0.06 0.0 O.l!3E 00 0.0 0.18E 00 0.0 0.55E-01 0.0 0.55E-01 I 
C.C6 - 0.07 OIO 0.12E 00 0.0 0.12E 00 0.0 0.36E-Cl 0.0 0.36E-01 I 
0.07 - 0.09 c. c 0.79E-01 0.0 0.78E-01 0 .o O.iZE-01 0.0 0. i2E- Cl 
0.09 - 0.11 0.39E-06 0,35E-01 0.67E-03 0.35E-01 0.33E-07 O.efE-02 0.72E-06 O.e7E-02 

2.11 - c.14 o.l4E-C5 0.15E-01 0.42E-04 O.l5E-01 0.32E-06 0.43f-02 C.ZOE-04 0.4X-C2 
0.14 - 0 .-1 R O.ZW-05 0.56E-C2 O.l4E-03 0.58F-02 0.60E-06 O.l3E-02 OX2E-04 o;i3E-02 
C.l8'- 0.22 0,79E-05 0.2LE-02 O.lhE-03 0.23E-02 O.llE-c5 0.56E-C3 0. L4E-04 O.!iYE-03 

- 0.22 0.28 C. lSE-c4 0.24E-02 0.77E-04 O.l5E-07 0.87E-06 0,59E-C3 0.55E-05 O.&GE-C3 ~-- - .---I:... 
0.28 - 0.35 O.l4E-04 0.93E-03 0.13s-03 O.llE-02 tJ.5LE-C5 o.SiiE-Q3SE-05 0.5LE-03 
0.35 - 0.45 c. ISE-C4 0.99E-03 O.RSE-04 O.llE-02 0.29E-05 0.43E-03 0.45E-05 0.44E-C3 

>.145 - Oi56 i.iOi-C4 0.42E-03 0.72F-04 0.5lE-03 0.73E-05 0.19E-03 0.33E-05 0.20E-03 __~ 
il.56 - c-71 C.ZOE-04 O.?ZE-03 0,39F-04 0.21JE-03 O.l3E-c4 O.lLE-C3 C. 14E-C5 O.l3E~t%---------l 
9.71 - 0.99 C. LSF-C+ O.l4E-03 0.?7F-04 0.1 RF-03 O.l5E-07 O.l5E-03 0,96E-06 O.l5E-C3 
0.39 - 1.12 0.44 E-05 0.83E-04 O.l9F-04 0. llE-03 0.96E-06 0.34E-04 0.33E-06 0.35E-04 ._ .-_-____--. --- I 
1.12 - 1.41 O.l7F-05 0.26E-04 O-Ilk-04 0 -38 E-04 0.23E-07 0.57E-C5 0.22F-C7 0.57E-05 
1.41 - 1.78 0.26E-05 0. IOE-04 0.57E-05 O.l8E-04 O.l4E-07 0.22E-05 O.ZlE-07 0.22E-05 
1.78 - 2 .?4 0.44F-06 O.lrJE-05 O.l9E-05 0.34E-05 0.68f-CB O.l5E-C6 0.91 E-08 O.l7E-06 ------ 
2.24 - 2.82 C. 4SF-C7 0.37F-06 0.3HF-06 O.eOE-06 
2.82 - 3.55 0.7lE-08 0. ISE-06 0.94F-07 0.25E-06 
3.55 - 4.47 c. <SF-CA O.L3E-07 0.49E-07 0.72F-07 0.0 0.14t=-ce 0.0 
4.47 - 5.62 O.l7E-C9 0. 1X-07 0.19E-OR O.I5E-07 0.0 0.65 E-11 0,6- 
5.62 - 7. ce O.llE-Oe O.l3E-08 0.55E-08 0.80E-08 0.0 0.0. c. 0 0.0 
7.(?? - 8.91 c. 19E-LO 0.4-E-09 O.ZlE-10 0.47E-09 0 .o 0.0 0.0 0-c 
8.91 - 11.22 0.0 O.l7E-10 0.0 O.=E-1C 0.0 0.0 0.0 0.0 , 

11.22 - 14.13 c.0 0.G 0.0 0 .o 0.0 0.0 IT.0 0.0 
14.13 - 17.7R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17.78 - 22.39 0.0 0.0 0.0 0.0 0.0 0:-o 0.0 0.0 
22.35 - 28. ia c. c 0.0 0.0 0 .o 0.0 0.0 0.0 
?fl.lR - 35.48 0.0 0.c 0.0 0.0 0.0 0.0 0.0 
35*4f - 44.67 0.0 9. 0 0.0 0 .o 0.0 0.0 c. 0 0.0 
44.67 - 56.23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
56.23 - 0.0 0.0 0 .o 0.0 0.0 70.79 
70.79 - 99.12 c.c 0.0 0.0 0.0 0 .o 
89.12 - 112.20 0.0 0.0 0.0 0.0 0.0 

112.2c - 141.25 c. c 0. 0 0.0 0 .o 0.0 
141.25 - 177 .i33 0.0 0.0 0.0 0.0 0.0 
177.83 - 223.97 0.0 0.0 0 .o 0.0 0.0 
223.97 - 281.84 c. c 0.0 0.0 0.0 0.0 

-- 2e1.54 - 354.81 0.0 0.0 0.0 0 0-i 0.0 
354.El - 446.68 a.0 0.0 0 .o 0.0 0.0 0.0 c. 0 0.0 
446.68 - 562.34 c.c 0.0 0.0 0.0 0 .o 0.0 0.0 0-C +cl 
562.34 - 7iI7.94 0.0 0.0 0 :o 0.0 0.0 0.0 o;-o~.Tcr--------- cI 
707.c4 - 991.25 c. c 0.o 0.0 0 .o 0.0 0.c 0.0 0.0 
991.75 - 1122.01 0 .o 0.0 0.0 0; 0 0.3 0.0 0.0 0.0 - - 

Table IV h, 
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Figure Captions 

1. 400 GeV/c protons incident on a solid lead target. Contours 

of equal total star density (above momentum cut-off, see 

text) in stars/(cm3*inc=proton). 

2. Momentum spectrum of neutrons interacting in six different 

radial intervals between depths of 0 to 20 cm (measured from 

point where beam begins to interact, see text), units of 

stars/(cm3 .GeV/c=inc=proton). 

3. See Fig. 2 but for depth from 60 to 100 cm. 

4. See Fig. 2 but for depth from 140 to 180 cm. 
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PLCT OF THE LOG OF THE YOFEhTUM SPECTRUM OF NEUTRONS INTERACTIMG BETWEEN it= 0.0 AND Z= 20.00 CM 
IlNIfS OF STAQS/(CM3*(GEV/C)*INC*PlCLE~, 

i-S10 r)F 
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